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Abstract

Early JWST photometric studies discovered a population of UV-faint (<L) z ~ 6.5-8 Lyman break galaxies
with spectral energy distributions implying young ages (~10 Myr) yet relatively weak H{ + [O II] equivalent
widths (EWyg 4 0 ) ~ 400 A). These galaxies seemingly contradict the implicit understanding that young star-
forming galaxies are ubiquitously strong H3 + [O 1IT] emitters, i.e., extreme emission line galaxies (EW 2750 A).
Low metallicities, high Lyman continuum escape fractions, and rapidly declining star formation histories have
been proposed as primary drivers behind low HG+ [O 1lI] EWs, but the blend of H3+ [O11I] in photometric
studies makes proving one of these scenarios difficult. We aim to characterize this peculiar population with deep
spectroscopy from the JWST Advanced Deep Extragalactic Survey. We find that a significant subset of these
galaxies at z = 2 with modest HG+ [O1] EWs (~300-600 A) have high ionization efficiencies
(logé&,,, 2 25.5 Hz erg . Suppressed [O11] EW values yet elevated Ha and HB EW values imply that the
level of chemical enrichment is the primary culprit, supported by spectroscopic measurements of metallicities
below 12 + log(O /H) ~7.70 (0.1Z.). We demonstrate that integrated HG + [O I1T] selections (e.g., HG + [O 1]
EW > 700 A) exclude the most metal- -poor efficient ionizers and favor (1) more chemically enriched systems with
comparable extreme radiation fields and (2) older starbursting systems. In contrast, metallicity degeneracies are
reduced in Ha space, enabling the identification of these metal-poor efficient ionizers by their specific star
formation rate.

Unified Astronomy Thesaurus concepts: Emission line galaxies (459); High-redshift galaxies (734); Starburst
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galaxies (1570)

1. Introduction

The epoch of reionization, the last major phase transition of
the Universe where intergalactic neutral hydrogen became
ionized, likely results from UV emission produced from the
formation of the first stars and galaxies in the Universe.
Considering the pace of reionization (50% completion by
z ~ 7-8; e.g., G. D. Becker et al. 2015; Planck Collaboration
et al. 2020; S. E. 1. Bosman et al. 2022), rapidly decreasing
quasar luminosity functions above z 2 3 (e.g., P. F. Hopkins
et al. 2007; C. J. Willott et al. 2010; X. Shen et al. 2020), and
steep faint-end UV continuum luminosity functions (o ~ 2)
increasing toward higher z (e.g., R. J. Bouwens et al. 2015;
S. L. Finkelstein et al. 2015; C. T. Donnan et al. 2023;
L. Whitler et al. 2025), star-forming galaxies (SFGs) have
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advanced as the primary photon source for reionization.
However, the degree to which these SFGs contribute to
reionization, i.e., the physical mechanisms governing ionizing
photon production and escape in the formation and evolution
of galaxies, is extensively debated.

The effort in characterizing reionization-era SFGs began
with establishing the presence of strong emission lines. Initial
stellar population synthesis models applied to multiband z = 6
photometry from the Hubble Space Telescope (HST) and
Spitzer (e.g., L. P. Eyles et al. 2005, 2007; R. J. Bouwens
et al. 2010; V. Gonzilez et al. 2010; 1. Labbé et al. 2010)
suggested old (>100 Myr) and massive (>10° M) stellar
populations, immediately being at odds with galaxy model
predictions of specific star formation rate (sSFR) evolution
(e.g., K. Nagamine et al. 2010; R. Davé et al. 2011;
S. M. Weinmann et al. 2011). The crucial caveat with these
results was the exclusion of nebular emission and continuum in
the population synthesis models. Strong nebular emission can
photometrically masquerade as an old population considering
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the optical side of the Balmer break includes HgG, [O 1]
AM959, 5007, and Ha. Studies (e.g., D. Schaerer & S. de
Barros 2009; Y. Ono et al. 2010; D. Schaerer & S. de
Barros 2010; I. Labbé et al. 2013; R. Smit et al. 2014)
demonstrated that incorporating nebular emission lowers SED-
derived ages and raises sSFRs, though significant uncertainties
in the inferred physical parameters remained considering the
nebular contribution and photometric redshifts were derived
from the same photometry. D. P. Stark et al. (2013) spectro-
scopically showed that accounting for nebular contributions
decreases SED-derived masses by ~2Xx, bringing sSFR
measurements in line with theoretical predictions. However,
D. P. Stark et al. (2013) could not access z 2 5 since Ha
becomes unobservable from ground-based telescopes, and
weaker lines were impractical to observe. JWST at this time
was still approximately a decade away, but progress was still
made at z < 2 where the rest-frame UV-optical was observable.

A. Van der Wel et al. (2011) identified an abundant
population of z < 2 extreme emission line galaxies (EELGs)
with comparable line strengths to those at higher redshift,
but with the added detail that the emission originates from
faint UV (Myy > —20) and low-mass (5108'5 M) galaxies
comprised of young stellar populations (1-100 Myr). These
results reflected evolutionary models (e.g., K. Nagamine et al.
2010; Z. Zheng et al. 2010; S. M. Weinmann et al. 2011)
exploring intense and episodic star formation above z ~ 3,
which was a key differentiating factor of this population
relative to local blue compact dwarfs. For example, the sSSFR
of EELGs are an order of magnitude higher than local massive
SFGs (e.g., M. V. Maseda et al. 2014). However, so-called
“green peas,” discovered in the Sloan Digital Sky Survey
around the same time as high-z EELGs, exhibit comparable
sSFRs and [O IIT] A5007 EWs (up to ~1000 A; C. Cardamone
et al. 2009; R. O. Amorin et al. 2010; A. E. Jaskot &
M. S. Oey 2013; A. Henry et al. 2015). The interpretation of
these local studies was that strong emission lines and
extremely faint continua originate from low-mass systems
undergoing an intense burst of star formation, analogous to
z ~ 2 systems. The prevalence of bursty star formation was
observed to increase strongly with redshift as gas depletion
timescales substantially longer (several hundred million years)
than the mass-weighted ages (50 Myr; e.g., M. V. Maseda
et al. 2018) and nebular line ratios characteristic of high
ionization parameters (e.g., N. A. Reddy et al. 2018b) were
found. Equally important, M. Tang et al. (2019, hereafter T19)
established EELGs as efficient ionizers using deep MMT and
Keck spectroscopy at z ~ 2, finding higher Balmer and [O III]
AM959, 5007 EWs correspond to more efficient ionizing
photon production. The overall interpretation emerged that
high-z galaxies associated with intense Balmer and [O III]
emission are important contributors to reionization.

However, JWST calls into question the ubiquity of the
youngest galaxies possessing high Balmer and [O III] EWs.
R. Endsley et al. (2023, hereafter E23), using the Cosmic
Evolution Early Release Science Survey (CEERS) and
Beagle, found a significant class of sub-L, galaxies with
young light-weighted ages (<50 Myr) yet relatively minor
broadband excesses corresponding to weak HE+[O11]
emission (<500 A). More evolved systems with weak
HB + [O11] AS007 emission are most certainly expected, but
a young, starbursting population exhibiting weak H3 + [O 111]
emission would be comparatively rare relative to z < 2
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results. E23 found the combination of young ages and
relatively low HG + [O 1II] EWs (<600 A) can be reproduced
with low metallicities (~0.1Z.). In such metal-poor models,
[O1I] emission is greatly weakened relative to the more
“chemically evolved” galaxies near ~0.2Z.. Even though
Balmer EWs increase with decreasing metallicity, the relative
contribution of [OT1I] to HB+ [O11] is generally far more
dominant ([OMm]/HB ~ 5-10; C. C. Steidel et al. 2016;
M. V. Maseda et al. 2018; R. L. Sanders et al. 2018; T19) such
that extremely low metallicities result in HZ 4+ [O1II] EWs
atypical of z < 2 EELGs. E23 was a pure photometric study, so
the role of metallicity in driving low HF+ [O1II] EWs in
EELGs is ambiguous as high escape fractions of ionizing
photons (<912 A; f.s.) into the intergalactic medium (IGM)
and rapidly declining star formation histories (SFHs) were also
proposed.

Equally important, however, it is not clear whether this
population is comprised of efficient ionizers. The contribution
of ionizing photons to reionization, i.e., the ionizing photon
budget, includes the galaxy UV luminosity density (pyvy), the
ionizing photon escape fraction (f.s.), and the ionizing photon
production efficiency (&on)- &ion represents the ionizing photon
production rate per nonionizing UV luminosity (Lyy) around
1500 A:

gion [HZ ergfl] — Q(HO) , (1)

Lyy

with Q(H,) representing the intrinsic rate of ionizing photons
in units of s~'. &, measurements above z ~ 2 have gradually
emerged over the last decade, with the primarily photometric
results agreeing with the relations from T19 (e.g., D. P. Stark
et al. 2015; K. Nakajima et al. 2016; D. P. Stark et al. 2017;
D. Lam et al. 2019; M. V. Maseda et al. 2020). Interestingly,
N. Emami et al. (2020), utilizing strong-lensed galaxy clusters
(A1689, MACS J0717, and MACS J1149) with Keck/MOSFIRE
spectroscopy, found 1 < z < 3 low-mass galaxies exhibit higher
&on at lower HG and [O 1] A5007 EWs compared to the
relations from T19. In the era of JWST, &;,, has been found to
be elevated and diverse (logé,,, = ~25.2 — 26.0 Hzerg™!;
e.g., M. Castellano et al. 2023; G. Prieto-Lyon et al. 2023;
C. Simmonds et al. 2023; H. Atek et al. 2024; R. Begley et al.
2025; S. Mascia et al. 2024; A. Saxena et al. 2024a; L. Shen
et al. 2025; K. E. Heintz et al. 2025), suggesting an array of
ionizing properties, ages, and metallicities, and aligning with
the emergent picture from first 2 yr of JWST findings (e.g.,
A.J. Cameron et al. 2023b; K. Davis et al. 2024; H. Katz et al.
2023; J. E. Rhoads et al. 2023; J. R. Trump et al. 2023).

However, the significant population of young, sub-L,
galaxies identified in E23 with low H3+ [O 11I] A5007 EWs
combined with the elevated ionization efficiencies now
routinely measured above z ~ 2 suggests there is a population
of metal-poor efficient ionizers that are abnormal to the [O III]
trends associated with EELGs identified in T19. We aim to
spectroscopically characterize the distribution of &, in the
high-z Universe and attempt to explain the main driver behind
low HG + [O 11I] EWs in young reionization-era galaxies using
medium and deep spectroscopy from JADES.

The remainder of this paper is organized as follows. In
Section 2 we briefly explain our JADES observations. In
Section 3 we describe our flux and EW measurements and how
we subdivide our JADES sample. In Section 4 we define the
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ionizing photon production efficiency and our methodology. In
Section 5 we describe our incorporation of [OII] A4363
emitters, R-derived metallicities, and photoionization model-
ing to further examine trends between nebular EWs and
ionizing photon efficiencies. In Section 6 we discuss the role of
metallicity driving low HG 4 [O 1II] EWs. Finally, in Section 7
we discuss the limitations of EELG selections employing
[O 111] in identifying extremely metal-poor SFGs. We include a
short discussion on Case B departures in the Appendix.
For this work, we adopt the Planck Collaboration et al.
(2020) cosmology: Hy=67.36 km s' Mpc™", Q,, = 0.3153,
and Q, =0.6847.

2. Observations

We summarize the JADES NIRSpec and NIRCam observa-
tions important for our work below, but we refer the reader to
A. J. Bunker et al. (2023), D. J. Eisenstein et al. (2023), and
F. D’Eugenio et al. (2025) for more general details. Briefly, the
JADES program is a joint Guaranteed Time Observation
(GTO) program between the NIRSpec and NIRCam Instru-
ment Science Teams comprising two deep pointings and 14
medium-deep pointings in Great Observatories Origins Deep
Survey South (GOODS-S) and GOODS North (GOODS-N;
M. Giavalisco et al. 2004; proposal IDs 1180, 1181, 1210, 1286,
and 3215). NIRSpec observations within each visit were
performed as a three-shutter nod. The central pointing of each
visit was dithered (by <1”) such that common targets were
observed in different shutters and detector real estate. Thus,
each visit had a unique MSA configuration, although the
target allocation (performed with the eMPT)'* was optimized
for maximizing target commonality between all three dither
positions. Priority classes were introduced to maximize
NIRSpec’s MSA with the highest priority targets (A. J. Bunker
et al. 2023). These targets were observed in more than one
pointing when possible, so some higher-priority targets have
longer integration times. Regardless, the median exposure
times across Deep/Medium observations and gratings totaled
~90,000 s/~6500 s (PRISM), ~22,000 s/~5400 s (G140M/
FO70LP), ~15,000 s/~5700 s (G235M/F170LP), and
~19,400 s/~5400 s (G395/F290LP). Total targets across all
pointings number ~4000 galaxies. For the reduction of
NIRCam images, we refer the reader to M. J. Rieke et al.
(2023; JADES Data Release 1 (DR1)), D. J. Eisenstein et al.
(2023; JADES Data Release 2), and F. D’Eugenio et al. (2025;
JADES Data Release 3). These recent photometry releases,
used in the current work (Section 3.2), cover ~56 arcmin® of
NIRCam imaging in GOODS-N and GOODs-S, detecting
~90,000 distinct objects. These data include seven over-
lapping pointings, each with 8-9 separate filters: FOOOW,
F115W, F150W, F182M, F200W, F210M, F277W, F335M,
F356W, and F410W. The median exposure time across all
filters totaled ~12,000 s. NIRSpec results are based on version
3 of the JADES reduction pipeline developed by the NIRSpec
GTO team and the European Space Agency (P. Ferruit et al.
2022). Point-source path-loss corrections were considered by
modeling each galaxy as a point-like source, considering its
relative intrashutter position (F. D’Eugenio et al. 2025).
Extended source path-loss corrections are currently being
explored (M. Curti et al. 2025, in preparation).

' hitps: / /github.com /esdc-esac-esa-int/eMPT_y1; N. Bonaventura et al. (2023).
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3. Our Sample
3.1 Emission Line and Equivalent Width Measurements

We are concerned with how &, scales above z &~ 2 and the
dominant mechanism(s) driving low HS + [O 11I] A5007 EWs
in young galaxies observed in E23. Our emission line
complexes of interest are therefore [OII] AA3727, 3729, Hy
and [O1I] M363, HG and [O111] AAM959, 5007, and Ha
and [NII] A\6548, 6583. We measure fluxes by combining
G140M/FO70LP, G235M/F170LP, and G395M/F290LP grat-
ing/filters and simultaneously fitting Gaussian functions to each
emission line complex with free parameters A\, FWHM, and the
respective line amplitudes for 2496 JADES galaxies. We fit
multiple Gaussians simultaneously to increase the fidelity of our
fits to weaker emission features. We perform 1000 iterations of
our fitting procedure using the observed error-weighted fluxes,
taking the median and standard deviation of the fits as our
respective fluxes and 68% confidence interval. If [O 1] A4959
or [OM] A5007 were located within the detector gap we
enforced an internal ratio of 1/2.98 of the measured value. We
also apply a modest signal-to-noise ratio (S/N) cut of Ha and
HG >S5 and [O1I] A5007 > 5 to preserve our initial JADES
sample but ensure robust dust corrections and for no conversion
from EW(Ha) to EW(Hp) (i.e., no detector-gap conversion for
Balmer lines; see the Appendix); this step narrows our initial
sample to 307 galaxies.

It is difficult to apply a single active galactic nucleus (AGN)
removal step for our population as z 2> 2 Baldwin—Phillips—
Terlevich demarcation lines are highly uncertain (L. J. Kewley
et al. 2013; R. Maiolino et al. 2024; M. V. Maseda et al. 2023;
R. L. Sanders et al. 2023a). We therefore visually inspect our
line complexes for broadening and match our objects to
Chandra observations imposing a 1”7 detection radius; we also
crossmatch our sample with AGNs identified in JADES
literature (e.g., J. Scholtz et al. 2025; J. Lyu et al. 2024). Our
AGN removal procedure is not unequivocal as high-z AGNs are
not necessarily detected with Chandra data (e.g., R. Maiolino
et al. 2024; F. Pacucci & R. Narayan 2024) and broad line
emission is viewing-angle dependent, in addition to the peculiar
“little red dot” line widths measured (e.g., E. Lambrides et al.
2024). We emphasize that while &, is the ionizing photon
efficiency from any ionizing source, our steps are necessary for
a more pure SFG sample. We further restrict our sample by
requiring a UV slope (5) bluer than —1.5 (described in
Section 3.2) and EWy,, > 100 A as this includes SFGs under a
full range of nebular conditions (see H. Katz et al. 2024). These
steps result in a total of 174 galaxies, for which we present the
redshift distribution in Figure 1.

We now determine the Balmer and [O1II] EWs for the
current sample by first carefully inspecting the R100 spectra
for clear continua detection. We define a 400 A bin around the
emission line complex of interest in the R100 spectrum,
removing any emission within this window and taking the
median as the continuum level. We then combine our R1000
fluxes and R100 continua to determine observed-frame EWs;
we correct for R100 and R1000 flux differences as described in
A.J. Bunker et al. (2023). Our EW fitting procedure is limited
as we do not account for stellar absorption in our Balmer fits,
though given the strength of the emission lines in our sample
the effects of stellar absorption are insignificant (X. Kong
et al. 2002; B. Groves et al. 2012). We compare our fitting
techniques by employing the penalized pixel fitting (ppxf)
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Figure 1. The redshift distribution of our high- (=750 A), medium- (200750 A),
and low-equivalent-width (EW) (<200 A) HB+[O 111] samples. We include the
median redshift of our respective samples (Znigh = 5.80, ZMedium = 3.62, and
ZLow = 2.59) and complete sample (black line; Zrory = 3.69). The complexity of
the The James Webb Space Telescope (JWST) Advanced Deep Extragalactic
Survey (JADES) selection function is prevalent, and thus we emphasize the
current work is not intended as a magnitude-limited population study, but rather
an investigation of seemingly atypical systems requiring deep spectroscopy,
which JADES thoroughly provides. Our total sample numbers are 31, 116, and 27
for high-, medium-, and low-EW galaxies, respectively.

algorithm (M. Cappellari 2017, 2023). We omit a full
description of the fitting techniques (see T. J. Looser et al.
2025); but briefly, ppxf models the continuum as a linear
superposition of simple stellar population (SSP) spectra,
using nonnegative weights and matching the spectral resolu-
tion of the observed spectrum. We use the high-resolution
(R =10,000) SSP library combining MIST isochrones (J. Choi
et al. 2016) and the C3K theoretical atmospheres (C. Conroy
et al. 2018) within ppx f. We fit for the same emission lines of
interest as before using ppxf. We find little deviations in our
derived fluxes and EWs between both methods (~0.08%
change). We therefore use the results of our emission line
fitting procedure to remain as general as possible, i.e., not
appointing a specific suite of SSP models for the analysis.
We correct for dust in our measurements from the available
Balmer lines adopting a D. Calzetti et al. (2000) attenuation
curve. We initially assume the theoretical ratios of Ha/HS =
2.86, HG/Hy = 2.13, and Ha/Hy = 6.11 from Case B
recombination at 7= 1.0 x 10* K. However, 29% (51 /176) of
our total sample possess Balmer ratios less than Case B,
17% (30/176) of which deviate by 1o. These assumed intrinsic
ratios are temperature dependent (D. E. Osterbrock &
G. J. Ferland 2006), and nebular temperatures are routinely
found to be greater than T=1.0 x 10* K (e.g., A. J. Taylor
et al. 2022; I. H. Laseter et al. 2024; R. L. Sanders et al. 2023b;
A. J. Cameron et al. 2024) resulting in a lower intrinsic ratio as the
recombination coefficient is dependent on the n-level cross section
and the temperature distribution of electrons. The temperature
dependence is typically seen as minor, but the intrinsic ratio of
Ha/HQB becomes 2.78 even at T=1.5 x 10* K. We therefore
relax our Case B assumption and allow Ha/HS = 278
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(corresponding to 7=1.5 X 10* K); however, 26% (46/174) of
our total sample still possess Balmer ratios lower than Case B in
these conditions, 15% (26/176) of which deviate by lo. Our
findings are not uncommon as Balmer emission lower than the
Case B and A assumptions is frequent in the high-z Universe (e.g.,
L. Sandles et al. 2024; W. McClymont et al. 2025; H. Yanagisawa
et al. 2024). We present a discussion of the effects of dust in the
Appendix, but considering we do not have secure electron
temperatures for the majority of our sample (Section 5.1),
we decide to return to assuming Case B recombination at
T=10 x 10* K. We do not correct for dust if our measured
values are less than these theoretical values, but we identify non-
dust-corrected galaxies in the corresponding figures. Ultimately,
the self-comparative trends identified in this work are not affected
by changing our dust law, but exact &,[Hz erg '] values would
likely change due to the respective handling of the UV. Even when
employing non-Balmer dust corrections, such as infrared excess—(3
relations from N. A. Reddy et al. (2018a), our results remain.

3.2 UV Luminosities

We first determine the UV luminosities for our full JADES
sample following the method outlined in T. Hashimoto et al.
(2017). We define a spectral window of 200 A around 1500 A,
mimicking the typical wavelength range used in SED codes
(e.g., J. Chevallard & S. Charlot 2016). We therefore exclude
Lya emission and do not invoke any IGM modeling. We take
the definition of UV continuum slopes as f), )\”, so the
relation between AB magnitudes (J. B. Oke & J. E. Gunn
1983) and our spectral window is

misgo = —2.51og([1500 A x (1 + 2)172) + A, )

where A is the spectral amplitude given in magnitude space.
Our absolute magnitude (Myy) is therefore given by

Myy = myso0 — Slog(dp/10 pe) + 2.51log(l +2),  (3)

where dp is the luminosity distance. We determine Myy by
applying a Monte Carlo technique for each object, perturbing
our spectra by their respective observational errors and fitting
the error-weighted spectral window 1000 times. We dust
correct our Myy values after converting the nebular color
excess found through the Balmer decrement (Section 3.1) to
stellar as described in D. Calzetti et al. (2000), i.e.,
EB — V)genar = 0.44 x E(B — V)gy,. Finally, we determine
Lyy by taking the median and standard deviation of the total
runs as our respective values and 68% confidence interval. We
routinely observe CIV AA1548, 1551 emission in our spectra,
implying a metal-poor stellar population (e.g., M. W. Topping
et al. 2024b). We verify these lines do not affect our Myy
measurements by masking CIV AA1548, 1551 and repeating
our procedure, finding no change. The decision of our main
UV spectral window limits our sample to z = 4, but for the
current study, viable info can be gathered down to z ~ 2, as
well as connecting to the T19 relations. Therefore, we extend
our UV range to 2300 A for objects between 2 <z < 4. We
verify the current analysis remains unchanged with this
additional step by refitting all z 2> 4 galaxies under this
criterion, finding no change. We confirm our spectra-derived
UV luminosities are accurate by performing a similar analysis
photometrically using NIRCam filters FO70W, FO090W,
F115W, F150W, and F200W. We perform the same procedure
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Figure 2. Top left: NIRCam F444W, F200W, and FO90W (red—green—blue) image of JADES-GN+189.20968+-62.20725 (z = 5.18256) with NIRSpec microshutter
array (MSA) shutters overlaid. Bottom: R100 spectrum of JADES-GN-189.20968+62.20725. We identify our UV range as green and our derived (3 slope as purple.
We shade a 100 A bin centered at 1500 A to demonstrate the common spectral energy density (SED)-derived UV slopes spectral range. Toward redder wavelengths,
we identify the continuum range used in determining Balmer and [O 11I] EWSs as orange (200 A around the line center). The top panel shows a 2D spectrum with a
clear continuum detection. The lines of interest (located at the vertical dotted lines) shown from left to right are Lya, [O II] AA3727, 3729, H3 and [O I11] A\4959,
5007, and Ha. We show our measurement uncertainty as gray shaded regions. Top right: R1000 spectrum of JADES-GN+189.20968+62.20725. We emphasize our

fits for HG and [O 11] A\4959, 5007 and Ha, which are shown in purple. The top panels show the 2D spectrum for each respective line complex.

described above but with a spectral window of approximately
13002800 A, similar to past works (e.g., E. R. Stanway et al.
2005; R. J. Bouwens et al. 2009; S. M. Wilkins et al. 2011;
T. Hashimoto et al. 2017). The results of the current analysis
remain unchanged when using NIRCam photometry, parallel-
ing the findings of A. Saxena et al. (2024b) who compared
NIRSpec-produced synthetic photometry with real NIRCam
photometry (M. J. Rieke et al. 2023). We demonstrate our
spectral UV slope fitting procedure in Figure 2 using object
JADES-GN+189.20968-+62.20725. We shade a 200 A bin
centered at 1500 A to demonstrate the common SED-derived
UV slopes spectral range; we also shade a 200 A EW
continuum window centered on the HG -+ [OI] and Ha
complexes and include R1000 fits from Section 3.1.

3.3 The Final Samples

The inability to separate H3 and [O1II] creates difficulties
in interpreting photometric results. With NIRSpec MSA
spectroscopy we can separate these components to examine
the respective nebular contributions and thus the underlying
physical mechanisms, as well as the bias introduced when
selecting on HZ + [OmI] EW in the high-z Universe
(Section 7.1). We subdivide our sample into respective low,
medium, and high-HZ + [O111] EW samples; we choose the
low HG + [O1I] EW sample to be <200 A the medium
HG + [O 111] EW sample to be between 200 and 750 A, and the
high-HB + [O11] EW sample to be >750 A, reflecting
observations of high-z studies (e.g., K. Boyett et al. 2022;
K. Davis et al. 2024; E23; K. Boyett et al. 2024). We
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Figure 3. Left: correlation between logfilj’: and Ho EW for our high-, medium-, and low-EW samples. We include the HST-derived z ~ 2 relation with 68%
confidence intervals from T19. We largely agree with the relation found from T19, but there is a clear overlap between our medium- and high-EW samples at higher
Ho EWs. We identify our Case B departure systems as triangles and note the maximum dust effect taken from the average of our low-, medium-, and high-EW
samples, though this effect is likely overestimated for this population (see the Appendix). We identify [O III] AM4363 emitters as gold outlines. Right: correlation
between 10g§H " and [O 1] A5007 EW for our high-, medium-, and low-EW samples. [O III] dominance in H/3 + [O 1I1] EWs is evident as there is little overlap in

ion

[O 111] space. However, a significant population of our medium-EW sample has Eﬁ;' values similar to our high-EW sample, suggesting oxygen composition
differences at comparable sSFRs. This systematic offset between Har and [O 1I] is further evident in deviations from the HST-derived relation from T19 for

[O 1] EWs.

summarize our sample in Figure 1: 27 (15%) galaxies are
within the low-EW bin, 116 (67%) within the medium-EW
bin, and 31 (18%) within the high-EW bin. We stress,
however, that JADES is not a magnitude-limited survey. As
such, the current work is not intended as a full population
analysis, but rather an investigation of seemingly atypical
systems requiring deep spectroscopy, which JADES provides.

4. The Ionizing Photon Production Efficiency

Several variants of &, exist in the literature, so we explicitly
define &, in Equation (1) as 51}‘1);1 following the definition from

J. Chevallard et al. (2018). &1 includes the UV luminosity
corrected for dust attenuation outside H I regions but not for dust
attenuation inside HII regions nor for nebular continuum
emission. SED-derived studies typically employ £ , in which

ion”

Lyy is the intrinsic stellar monochromatic UV luminosity (£ :tm),
thus excluding dust and nebular emission/absorption. There is
also simply &, which includes the observed (not dust corrected)
Lyv. The various definitions affect quoted results, so we compare
against literature &' values unless otherwise noted.

O(Hyp) in Equation (1) is not an observed quantity as there
is photon escape from these regions, i.e., Quns(Hy) =
(1 — fesc)O(Hp). fesc 1s largely unconstrained (S. Mitra et al.
2013; J.-P. Paardekooper et al. 2015), resulting in some studies
grouping 5?({“‘1‘ and f.. as a single parameter (e.g., K. Duncan &
C. J. Conselice 2015). There is the added complexity of dust
absorption of ionizing photons (e.g., S. Tacchella et al. 2022),
which if accounted for increases Q(Hy)—the opposite effect of
Jfesc- These competing effects are extraneous for our self-
comparative work, so we set f.;c = 0 and apply no correction
for Q(Hy) dust absorption. Regardless of what we set these

values to, Qups(Hp) can be converted to an Ha luminosity15 as
in E. J. Murphy et al. (2011):

“

& [Hzerg '] = 7.38 x 10" (Lﬂ)
uv

We use Equation (4) to determine {féf for our low-, medium-, and
high-HG + [0 11] A5007 EW samples. We specifically report the
median log &1!" value for each galaxy after 1000 iterations of
perturbing the measurement with our Ly~ and Lyy-derived errors;
our reported errors are taken as the standard deviation of the

distribution of &' values. We find the median of our samples to
be log ¢ = 2522 Hz erg~! (low), log 11! = 25.52 Hz erg~!

on mon
(medium), and log &1 = 25.52 Hz erg™! (high) with corresp-
onding standard deviations of 0.48, 0.33, and 0.27 dex, similar to
the z = 2 results of M. Castellano et al. (2023), G. Prieto-Lyon
et al. (2023), C. Simmonds et al. (2023), H. Atek et al. (2024),
R. Begley et al. (2025), S. Mascia et al. (2024), A. Saxena et al.
(2024a), L. Shen et al. (2025), and K. E. Heintz et al. (2025). We
present in Figure 3 our Hoe EWs and [O ] A5007 EWs with &1,
respectively, and compare against HST-derived z ~ 2 relations
from T19.
Interestingly, we observe a systematic offset between EWy,,
and EW o 1y at fixed 511';;1 between our medium- and high-EW

samples. Specifically, above log¢&i!t > 255 Hzerg™! our

medium-EW sample exhibits Ho EWs comparable to our

high-EW sample (=600 A) while simultaneously exhibiting

15 Temperature and density will also affect the conversion from Q(H,) to Ha,
though at the typical temperatures we measure in Section 5.1, these differences
are below the systematic trends with metallicity that we identify in this work.
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Figure 4. JWST/NIRSpec R1000 spectrum for our newly reported [O II] \4363 emitter JADES-GN+189.16215+62.26381 with a metallicity of 12 + log(O/
H) = 7.30 £ 0.12 at z = 6.3. The lines of interest (located at the vertical dotted lines) shown from left to right are [O 1] A\3727, 3729, H~, [O 111] A4363, Hp, [O 111]
AM959, 5007, and Ha. [O 11] AN3727, 3729, H~, and [O 11T] M4363 (HS, [O 11] AN4959, 5007, and Ha) share the same y-axis. The top panels show the 2D spectrum
for each respective line complex. We show our measurement uncertainty as gray shaded regions.

low [O1] EWs (~300 /OX). We perform a Welch’s
t-test (unequal variances r-test; B. L. Welch 1947) between
our medium- and high-EW samples for galaxies with
log 5};({):1 > 25.5Hzerg™!. For EWy,, we find a r-statistic of
1.17 with a p-value of 0.25, indicating that our medium- and
high-EW distributions overlap and the separation between their
respective means is not statistically significant. In comparison, for
EWom;, we find a t-statistic of 12.22 with a p-value of
9.51 x 107", indicating our sample distributions do not overlap
and the separation between their respective means is statistically
significant. This distinction in nebular EW and & space is not
seen in the z < 2 T19 sample, indicating a physically motivated
difference above z 2 2. Interestingly, Y. Zhu et al. (2025), using
the Systematic Mid-infrared Instrument Legacy Extragalactic
Survey (SMILES) program, found the relation between fg;‘ and
EW|om; to be shallower relative to T19 while the Ho relation
still agrees, similar to our findings. The selection functions of
SMILES (S. Alberts et al. 2024) and JADES (A. J. Bunker et al.
2023; D. J. Eisenstein et al. 2023; F. D’Eugenio et al. 2025)
differ, so it is promising that there are corroborating results,
though the underlying causes still have not been explored.
Further, P. Rinaldi et al. (2023, 2024), using medium and
broadband NIRCam/MIRI imaging, demonstrated diverse [O III]
A5007 /Hf ratios (—1 < log([O 1] A5007/HP) < 1.5) at high
Ha EWs and log fi}f);] values (>25.5 Hz erg '), suggesting the
HpB + [O111] photometric flux excess is not necessarily always
driven by [O1II] AM959, 5007 and that elevated log &1 " values
are still expected at lower [OII] EWs. As mentioned, E23
proposed extremely low metallicities, high fis., and rapidly
declining star formation rates (SFRs) as possible solutions to their
young, low HB + [O I]AS007 EW sample.

It is difficult for us to comment on f.,. as we cannot measure
it directly, but as £1!" is defined by Q(Hp), we do not expect a

decrease in [O III] EW at fixed §i}(l)rll‘ if f.,c was high. Likewise,
the relative decrease in [OIII] EW between the high-
and medium-EW samples at fixed &' is apparent for
log &' > 25.5 Hz erg™!, requiring the presence of recently
formed O-type stars (M. V. Maseda et al. 2020; H. Katz et al.
2024, see Section 7.1), therefore indicative of recent or
ongoing star formation rather than a decline. Moreover, as we
present in the next section, the electron temperatures of
galaxies aligning with these trends range between 10,000 and

25,000 K, indicative of recent star formation. Extremely low

metallicities remain the most likely candidate driving low
H@ + [O11] EWSs seen in the current work. We now focus on
examining the role of metallicity in fg;‘ and nebular EWs.

5. Metallicity Derivations and Photoionization Modeling

I. H. Laseter et al. (2024) and R. L. Sanders et al. (2023b)
demonstrated a clear failure of locally derived strong-line
calibrations in the high-z Universe due to elevated excitation
ratios at fixed metallicity, especially at metallicities lower than
0.1Z, (12 4 log(O/H) = 7.7). R. L. Sanders et al. (2023b)
provided high-z calibrations using early CEERS observations,
whereas 1. H. Laseter et al. (2024) proposed the so-called R
calibration involving a different projection in the space defined
by log([O 1] AN3727, 3729/Hf) (R2), log([O 1] A5007 /H/)
(R3), and metallicity. We continue with approximating
metallicities using the R calibration from I. H. Laseter et al.
(2024) and the R3 calibration from R. L. Sanders et al. (2023b)
depending on the S/N of [OT] AA\3727, 3729 as described in
Section 6. Our following conclusions are unaffected by
interchanging these calibrations, but galaxy-by-galaxy cases
do differ. We, therefore, use the diagnostic power of JWST to
further identify a large sample of [O III] A4363 emitters to more

robustly investigate metallicity in nebular EW and &' space.

5.1. [0 111] X\4363 Emitters

I. H. Laseter et al. (2024) identified 10 [O I1I] A4363 emitters
in JADES DEEP-HST (A. J. Bunker et al. 2024) in the
GOODS-S legacy field; we have now increased this number to
60 with our additional JADES observations (Section 2). We
follow our analysis as described in Sections 3 and 4 for this
specific sample while deriving electron temperatures and
metallicities as described in I. H. Laseter et al. (2024). Our
final [O 1] M363 sample for the current work is 31 as we
impose a [O 1] M363 S/N > 3 restriction (the median S/N in
our [O1I] M363 sample is ~4.25), exclude [O1I] M363
emitters lacking UV coverage, and remove those with broad
Balmer emission and electron temperatures above 7, > 30,000,
since these are beyond the physical range associated with the
earliest O-type star (e.g., O3, T ~ 40,000 K; P. Massey et al.
2004). The latter sample is intriguing, based on predictions of
hotter stars and nebular continuum contribution (A. J. Cameron
et al. 2024; H. Katz et al. 2024), but these galaxies require more
careful electron temperature derivations that we leave for
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forthcoming work. We present in Figure 4 the [OII] A\3727,
3729, Hy and [O 1T] M363, and HS and [O 1] AA4959, 5007
complexes for JADES-GN+189.16215+4-62.26381, a z=16.3
novel [O 1] M363 emitter with 12 + log(O/H) =7.30 £ 0.12
and log &' = 25.8 + 0.01 Hzerg™ .

In Figure 3 we include our [OII] A4363 emitters.
Qualitatively, it is clear our [OTII] M4363 sample is
representative of the JADES medium- and high-EW samples
in nebular EW and ¢! parameter space, including the
leftward systematic offset from the T19 [OIII] EW relation
apparent in our medium-EW sample. Similar to our statistical
separation between our medium- and high-EW samples in
[O 1] space, when we compare the statistical separation of
our [O1I] M363 sample to our high-EW sample, we find a
t-statistic of 3.43 with a p-value of 0.001, indicating a
statistically significant separation. In contrast, in Ha space, we
find a t-statistic of 0.01 with a p-value of 0.99, indicating no
significant separation. We measure #; values between ~13,000
and 23,000 K, which are nebular temperatures associated with
the presence of OB-type stars and recent star formation,
aligning with the notion that the leftward systematic offset at
fixed {gf with EW|o 1y is not from the reduction or loss of
ionizing photons. We now incorporate our [OIII] A4363
sample and strong-line-derived metallicities with spectral
synthesis and photoionization models to further explore the
disparities between Balmer and [O III] EWs with ¢11

ion *

5.2. BPASS + CLOUDY

The entirety of our derived values depend on the recombination
or collisional excitation within H1I regions, and thus the nature
of the young stellar populations creating these regions. We
therefore utilize BPASS v2.2.1 (J. J. Eldridge & E. R. Stanway
2009) spectral synthesis predictions as our spectral model
inputs for our current study. BPASS does not explicitly include
nebular emission, so we utilize available CLOUDY-processed
(G. J. Ferland et al. 2017) BPASS models '® (L. Xiao et al.
2018). In general, these models assume 7, = 200 cm > while
varying log(U) between —1.0 and —4.0 with dust grains
included, using the favored model from the BPASS collabora-
tion (v2.2.1 imf135 300) including a broken upper initial
mass function (IMF) slope of —1.35, an upper mass limit of
300 M, and an instantaneous burst; the covering fraction was
set to 1.0, thus matching our assumption of f,,. = 0
(Section 4). Modeling nebular gas conditions with CLOUDY
involves an array of free parameters, and thus results can vary
widely when comparing individual HII regions to assumed
models. We stress that we are not modeling the individual
galaxies in our sample, but rather examining global properties
driving the systematic offset in Figure 3, and thus these
BPASS + CLOUDY models suffice for our purposes. We
include log(U) models of —1.0, —2.0, and —3.0 ranging
between ~2 and ~10 Myr after the star formation event. We
note for this exercise that we report the model ionization
efficiency defined as £ in Section 4, as we are concerned
with the intrinsic stellar populations (see Section 7.1 for a
discussion of the relation with &'"). We now examine the

effects of age, ionization, and metallicity in EW and fg;‘
space.

'® Details of these CLOUDY models can be found here: https:/ /bpass.
auckland.ac.nz/4.html.
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6. The Role of Ionization Parameter, Metallicity and Age

We first investigate if variations in the ionization parameter
(U) could lead to the systematic offset we observe. We fix our
BPASS + CLOUDY models at ~2 Myr post-star-forming event,
finding our models predict an increased [OIII] A5007 EW
leftward offset at fixed &' when large variations in log(U) are
present (—1 2 log(U) 2 —3). However, we observe the
BPASS + CLOUDY models reproduce our Hoe EW distribution
and scatter when log(U) is between ~—1.5 and —2, as expected.
In general, to account for the full [O 1] A5007 EW offset, log(U)
values = —1 would be required, well beyond the reported values
of SFGs in the high-z Universe (e.g., N. A. Reddy et al. 2023) and
what is typically predicted (G. A. Blanc et al. 2015). We therefore
investigate the offset induced with age and metallicity by fixing
our BPASS + CLOUDY models to log(U) = —2.0, varying ages
between ~2 and 10 Myr, and tracking BPASS metallicities in
our parameter spaces. We see in the left panel of Figure 5
that the observed relation between Hoe EW and &1 is largely
set by the age of the star formation event, with metallicity
accounting for less scatter compared to log(U). In the
right panel of Figure 5, the observed scatter between [O III]
A5007 EW and &' cannot be fully explained by starburst age,
but the relation itself likewise is. In fact, at fixed metallicity,
increasing the time since the star-forming event traces the
relation from T19, while simultaneously, the BPASS +
CLOUDY models demonstrate an ~0.7 dex difference in [O III]
A5007 EWs between 6.5 < 12 + log(O/H) < 7.7. In other
words, extremely low-metallicity models indicate the largest
directional offset between [O III] A5007 EW and fff)r? relative
to the z ~ 2 relations.

It is advantageous to then focus on the medium-EW sample
overlap in Ha EW space. We therefore select all galaxies
from our medium-EW sample with Ha EW >400 A and
log &' > 255 Hz erg~'. We present in the lower panel of
Figure 5 our [O III] A4363 sample and medium-EW subsample
overlaid on the BPASS + CLOUDY models from the upper
panel. We color code these galaxies by metallicity, indicating
~0.1Z, as the turnover color. We require a 2o [O II] A\3727,
3729 detection to derive metallicities using R, else we employ
the R3 calibration from R. L. Sanders et al. (2023b; instead of
reporting metallicity upper limits). Both R and R3 are double
branched, and we do not significantly detect [N II] A6584 or
[S1] AM6717, 6731 in this population to break the degen-
eracies. Instead, we use our [O IT] A\3727, 3729 measurements
and 20 upper limits derived directly from the noise spectrum
following A. J. Cameron et al. (2023b) as the degeneracy
breaker for the calibrations.

As predicted from the BPASS + CLOUDY models, we
observe a general offset between the derived metallicities
with increasing fgf and decreasing EWoyy that is not
necessarily observed at fixed EWy,. Seventy-one percent
(22/31) of our [OMI] A4363 population is less than
~0.1Z, (median 12 + log(O/H) = 7.54), coinciding with
the greater dynamic range of our BPASS + CLOUDY models;
likewise, there is the tendency of more metal-poor galaxies in
our medium-EW subsample to possess lower EWq,
aligning with the nonlinear metallicity effects on EW g .

We do observe a few enriched systems (12 + log(O/H) >
8.0) above z ~ 2 relations at moderate [O1I] EWs
(~400—600 A), however. These metallicities are near
where our models predict EW oy peaks at fixed £, but

ion ’

I. H. Laseter et al. (2024) and R. L. Sanders et al. (2023b)
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Figure 5. Top left: change in age of starburst at fixed log(U) = —2 with BPASS + CLOUDY models including dust in Ho EW space; we indicate the respective model
metallicity changes as well. As assumed, metallicity is minor compared to the effect of log(U) between Hoe EW and Eg;l. Top right: the same BPASS + CLOUDY
models but in [O11I] EW space. We see that BPASS + CLOUDY predict a nonlinear leftward offset at fixed fﬁ;l when the metallicities are lower than
12 + log(O/H) < 7.70 (0.1Z), similar to our observed leftward offset (~1 dex) in our medium-EW sample, exhibiting comparable log{i}iél values (Figure 3).
Between model metallicities of 7.70 < 12 + log(O/H) < 8.20 (i.e., the dynamic range in which the [O II]’s sensitivity to metallicity variations is reduced),
increasing the time from the star formation event reproduces the derived relation from T19 (shaded region). Bottom left: same as above but medium-EW galaxies
with log {:1 él > 25.5 Hz erg! and [O II1] M\4363 emitters are color coded by metallicity (Section 5). The BPASS + CLOUDY models predict a diminishing metallicity
effect at high Hae EWs, aligning with the observed scatter in metallicity measurements. Bottom right: the efficient ionizers from the medium-EW sample and [O 111]
A363 emitters in [O II] space. A metallicity gradient is observed to lower [O III] EWs and higher logfgéI values, aligning with the predicted trends of the
BPASS + CLOUDY models. This gradient occurs since galaxies with metallicities less than 12 + log(O/H) < 7.70 (0.1Z.) are disproportionately offset to lower
[O 1] EWs relative to more enriched counterparts with similar ionization efficiencies.

demonstrated elevated excitation ratios at these metallicities in
the high-z Universe. It is therefore expected for more
chemically evolved systems to scatter upward in the presence
of harder ionization fronts and starbursting episodes, espe-
HIjs directly dependent on ionizing photon

cially as & .
production. Extremely metal-poor AGNs are still an option

even though we have not detected any broad or high ionization
lines as an AGN presence would result in erroneous 7, values
based on our current derivations (O. L. Dors 2021). Regard-
less, these outliers underscore the overlay between extremely
low metallicities and starbursting episodes in more evolved
systems.
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Figure 6. Correlation between §£[“? and Ha EW (left), [O 1] EW (center), and H3 + [O 1I] EW (right) with data color coded to their 7.-derived or R-derived
metallicities. Equation (5) and our HS + [O III]-derived linear relation (see Section 7.2) are overlaid with 68% confidence intervals. The gray shaded region
represents the selection function of D23 at z = 6. It is apparent EWyy,, is a more direct selection of extremely metal-poor ionizers compared to a selection involving
[O 11]. The HB + [O 11] EELG selection function of D23, which is reasonable based on prior [O III]ffférfI scaling relations, disproportionately excludes these
galaxies compared to a selection on Ha alone. This effect is also seen in our derived relations considering we underestimate 652;1 for the extremely metal-poor
population when using HG + [O 11I] yet align with the Ha relation found in T19 that better predicts fl"éf within our confidence region. The physical limitations of
fgrfl combined with EWs > 1000—1500 A in both Ha and H/f + [O 11] requiring more careful treatment (e.g., dominant nebular contributions, H. Katz et al. 2024,
and AGNs, D23) is likely decreasing the apparent metallicity trends at EWys + [O 111] 2 1000 in our sample. Within the general high-z EW distribution though, a

sole selection of HG 4 [O 1II] EW will bias to more chemically evolved starbursting systems at fixed £

In fact, our extremely metal-poor galaxies deviate from the
notion that the most intense (and efficient) radiation fields are
exclusively found at the most extreme [O 1II] EWs (2600 A).
It is not that extreme [OIII] EWs lack young stellar
populations, but that the effect of metallicity cannot be
ignored when selecting with [O III] in the high-z Universe. The
high Ha EWs we measure for our extremely metal-poor
galaxies reflect sSFRs associated with the lowest-mass and
youngest galaxies experiencing starbursting episodes above
the star-forming main sequence, aligning with our measured
ionization efficiencies. However, low metallicities have the
effect of increasing the Ha EW, so our interpretations are
ambiguous so far, requiring further discussion of &'!".

7. Discussion

7.1. Nature and Selection of Extremely Metal-poor Efficient
lonizers

We have spectroscopically demonstrated extremely metal-
poor efficient ionizers are common above z 2 2, and that the
dissimilar trends between Balmer and [O 1lI] EWs with gffn‘l‘ in
the high-z Universe are caused primarily by oxygen abundances
lower than 12 + log(O/H) =~ 7.7 (0.1Z.). These galaxies are
comparatively rare in pre-JWST z ~ 2 and z ~ 7 samples as it
is above 12 + log(O/H) ~ 7.7 where oxygen has a weak
dependence on metallicity yet high [O 1] /H/3 ratios (e.g., R3
and R23; R. Maiolino & F. Mannucci 2019), especially as the
dynamic range of [OIII]’s sensitivity is reduced in the high-z
Universe (I. H. Laseter et al. 2024; R. L. Sanders et al. 2023b).
Metallicity effects were therefore diminished and the luminos-
ity-weighted ages setting the Balmer and [O III] EW relations
with &' were more apparent, though T19 did predict redshift
evolution in [O III].

Specifically, fgél does not have a strong dependence on
metallicity relative to EW([O IIT]) (H. Katz et al. 2024), resulting
in a flattening within this parameter space at low metallicities. In
a compounding effect, decreasing metallicity disproportionately
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drives the [O III] EW below or near the typical selection limits of
EELGs, thus limiting the identification of extremely metal-poor
ionizers. For example, K. Davis et al. (2024, D23), selected
1165 EELGs in CEERS by imposing an observed-frame
EW > 5000 A cutoff in oHﬁ + [0 1] A5007 and Ha (i.e., rest-
frame EW > 1000, 714 A for z =4, 6). D23 found their sample
density was high near this detection limit, suggesting a
continuous distribution to lower EWs. We present in Figure 6
the [O 111], Hay, and HB + [O 111] EW distributions with ggf color
coded by metallicity, including the D23 selection limit at z = 6.

We observe a continuous distribution to lower Ha and
Hp + [O 1] EWSs, but with the key detail that high &' values

are maintained down to EWygz + [OII] ~ 300400 A.
Regarding our medium-EW subsample, 98% (51/52) of these
galaxies overlap with the Hae EW distribution of our high-EW
sample, while 0% overlap with the H3 + [O111] distribution.
Therefore, in addition to a continuous distribution to lower
HB+ [0 1] EWs at fixed &1", we find that the H3 + [O 1]
EW is not a one-to-one selection with Ha.

The effectiveness of Hawe EW selecting extremely metal-poor
ionizers reflects the underlying trends of Hoe EW with sSFR
(e.g., E. Marmol-Queralt6 et al. 2016). However, high Hoe EWs
do not exclusively mean higher sSFRs considering the effect of
line blanketing driving Ha emission at low metallicities
(S. Dreizler & K. Werner 1993; G. Grifener et al. 2002). For
example, R. Endsley et al. (2024) followed up E23 with
NIRCam imaging from JADES (DRI1), finding dissimilar
HG + [O 1] distributions between their faint (Myy ~ —17.5)
and bright (Myy =~ —20) samples yet nearly identical Ho
distributions, similar to our findings. R. Endsley et al. (2024)
derived an ~1 dex decrease in metallicity (Beagle derived)
between their bright and faint samples, with the peak of the faint
distribution being at 12 + log(O/H) = 7.40 (~0.05Z) and the
bright at 12 + log(O/H) = 8.06 (~0.25Z). Such a decrease in
metallicity results in a 50% increase in Hoe EW according to
R. Endsley et al. (2024) using the J. Gutkin et al. (2016) models.
As such, R. Endsley et al. (2024) proposed low metallicities in
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Figure 7. Top: EWy,, and the contributing percentage of extremely metal-poor (12 + log(O/H < 7.7); purple) and enriched (12 + log(O/H > 7.7); green) efficient
ionizers (log 111 > 253 Hz erg~"). Metallicity subsamples contribute comparable amounts to the Ho EW and £ distributions, reflecting the dominant dependency

ion N

of Ho EW and f

ion

! on ionizing photon production compared to metallicity. Bottom: the contributing fraction of efficient ionizers with respect to EWgs . 1o mg- The

contributing percentages of our respective metallicity samples deviate with EWyg 4 (o my, largely an effect from extremely metal-poor galaxies offsetting
disproportionately left from more chemically enriched systems with similar ﬁg‘il values.

the faint population, but the addition of a relative downturn in star
formation did not increase the Hoe EW relative to their UV bright
population, reflecting bursty star formation. Considering our
medium-EW sample extends down to Myy = —17 while having
weakened H3 + [O 1] EWs along the BPASS + CLOUDY model
age traces in Ha (Figure 5), chemically poor galaxies in a relative
downturn in star formation are naturally in our sample.
However, our BPASS + CLOUDY models suggest a dimin-
ishing effect of metallicity in driving Hoe EWs with decreasing
starburst age, such that at more extreme starbursts there is not
a drastic Ho EW increase. The median Ha EWs of our high-
EW and medium-EW subsamples are 896 and 628 A,
respectively, well within the range where metallicity effects
are reduced. Moreover, it is below 124 log(O/H)~7.0
(0.02Z.) where the largest increase of Ha occurs, but given
the nebular metallicity “floor” (C. Kobayashi & A. Ferrara 2024)
and our derived metallicities, it is unlikely that we have a large
sample of sub-12 + log(O/H) = 7.0 galaxies inflating Ho EWs

to the extremes we measure. We also measure log §1mi‘ values

greater than 25.5 Hz erg ' down to EW(om ~ 300 A Recalhng
the specific definitions of ionization efficiency outlined in
Section 4, H. Katz et al. (2024) demonstrated across various
SSP models that the observed ionization efficiency (£:"") and the
ionization efficiency associated with the intrinsic stellar popula-
tion (£ :fm) agree below log 55“? = 25.5 Hz erg~!, whereas above

B deviates low compared to & . Therefore, our high ¢!
values are expected to be associated with even higher intrinsic
ionization efficiencies from young stellar populations. H. Katz
et al. (2024) considered ages up to 20 Myr assuming an
instantaneous burst, though at these extremely low metallicities,
the inferred SFHs are likely younger. For example, the majority

of the bright population from R. Endsley et al. (2024) is
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distributed  between log &' ~ 25.5 — 25.6 Hzerg™!  with
an average positive SFR3ny./SFRsomyr (~1.5). This log ggél
median is comparable to the median of our medium-
EW subsample (log ff({nfl = 25.7Hzerg™"), but in contrast, the
average metallicity of their bright population is 12 + log(O/H) ~
8.0-8.1 (0.2-0.25Z.) compared to 12+ log(O/H)~7.5-7.6
(0.07-0.08Z.) for our specific population, suggesting more
pristine interstellar medium conditions. We argue then that in
addition to the findings of the more general population studies
of E23 and R. Endsley et al. (2024), there exist extremely
metal-poor ionizers exhibiting large Hae EWs (=600 A) that are
indeed starbursting galaxies rather than “artificially” boosted
metal-poor galaxies in a relative starbursting lull. We note that
our emission line selection (Section 3.3) preferentially allows us
to find these low-metallicity galaxies as opposed to systems
with star formation downturns, as found in E23 and R. Endsley
et al. (2024).

Regardless of how one quantifies burstiness, we demonstrate
that customary HG + [OI] EW selections (e.g, EW(HSG+
[O 1)) > 700 A) favor more chemically evolved SFGs
around 7.8 < 12+1og(O/H) <83 (20.2Z.) compared to a
selection on Balmer EW alone. We present in Figure 7 the
fraction of extremely metal-poor (12 +log(O/H) <7.7) and
enriched (12 + log(O/H) >7.7) efficient ionizers (log {H >

253 Hzerg™!) relative to our total sample in 200 A EW

bins. We choose log §f{;l > 253 Hzerg™! as this exceeds the

so-called “canonical value” (log §H 1 — 252 —253Hzerg™!

B. E. Robertson et al. 2013). As expected metallicity subsamples
contribute comparable amounts to the Ha EW and &'
distributions, reflecting the dominant dependency of Hae EW and
f“ " on ionizing photon production compared to metallicity. The

near constant 50% contribution of efficient ionizers reflects the
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intrinsic scatter of our sample being nearly symmetric around the
relation from T19. More interestingly, there are dissimilar trends in
the contribution of extremely metal-poor and enriched systems
dependent upon EWygs y jom). This effect is largely from the
observed metallicity gradient in Figure 6 where extremely metal-
poor galaxies exhibit HZ+ [O 1] EW distributions of values
similar to more evolved systems that have begun to lose their most
massive stars, resulting in a separation with éﬁél. These extremely
metal-poor galaxies then reside in EWys 4 (o my distributions of
more evolved systems that have begun to lose their most massive
stars, resulting in a separation with {gél. The effect is then at
typical EW distributions of the high-z Universe (e.g., K. Boyett
et al. 2024; K. E. Heintz et al. 2025; G. Roberts-Borsani et al.
2024), as sole selection on HG + [O ] EW will bias to more (1)
chemically enriched systems experiencing similar ionizing fronts
and (2) evolved starbursting systems.

However, the EWy . (o n metallicity gradient observed in our
medium-EW subsample is not necessarily apparent in our high-
EW sample, and the contribution of extremely metal-poor efficient
ionizers begins to increase above EWy3 1 (o my ~ 1000 A. This i is
primarily due to the limited sample above EWy - (0 m =~ 1000 A
(e.g., K. Boyett et al. 2024), but in general, such high EWs are
near the extremes of models with younger stellar populations (e.g.,
S. M. Wilkins et al. 2020). Rest-frame H3+ [O 1] EWs from
1000—5000 A have been measured with JWST, but they are a
small percentage of the EELG distribution (K. Boyett et al. 2024).
Additionally, the contributions of AGN and nebular continuum
are beginning to be explored in these populations, for example,
some higher EWs correspond to more compact emission regions
(D23) and the EW distribution of nebular-dominated galaxies
exceeds the general population of EELGs (H. Katz et al. 2024).
Additionally, the physical limit of £'!' has the effect of flattening

the observed EW—¢!!" trend and creating a plateau at extremely
high EWs. As such we do not expect our observed trends to
necessarily hold past EWy3 . (0 m ~ 1500 Aas metallicity effects
are diminished compared to possible nonstellar ionizing sources
and extreme nebular temperatures and densities (H. Katz et al.
2024). Regardless, extremely metal-poor SFGs within more
typical high-z EW distributions have nonnegligible metallicity
effects when measuring EWy3 1 (0 m-

Because [O III]-deficient, ionizing systems are comparatively
missed under normal HG+ [OTI] selections, it is uncertain
whether HG + [O IT]-selected EELGs are representative of the
entire population of extremely metal-poor efficient ionizers.
Systems with high sSFRs at the lowest metallicities are key in
characterizing high-z IMFs and SFHs; key frameworks that
have already been invoked in more significant manners in the
high-z Universe, e.g., more top-heavy (K. Inayoshi et al. 2022;
A. J. Cameron et al. 2024; S. Chon et al. 2024; E. R. Cueto
et al. 2024; Z. Guo et al. 2024; L. Y. A. Yung et al. 2024;
F. Cullen et al. 2025; A. Hutter et al. 2025) and bursts
(A. Pallottini & A. Ferrara 2023; G. Sun et al. 2023a, 2023b;
M. W. Topping et al. 2024a). These systems are also interesting
for investigating the onset and evolution of the mass—metallicity
relation and fundamental metallicity relation (e.g., M. Curti
et al. 2023a, 2024; K. E. Heintz et al. 2023; K. Nakajima et al.
2023; A. Sarkar et al. 2025; D. Scholte et al. 2025) given the
pristine gas likely in these galaxies. A deeper examination of the
relative abundance ratios for our most metal-poor efficient ionizers
is of interest as well considering the various proposed enrichment
scenarios of peculiar abundance ratios found at high z (e.g.,
A. J. Cameron et al. 2023a; C. Kobayashi & A. Ferrara 2024).
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Fortunately, the most metal-poor SFGs can be identified by the
ratio of Ha to HB+[OI] photometrically. Still, a deeper
examination at fainter magnitudes is required considering that
C. Simmonds et al. (2024) find a minor increase in 511'(');1 for fainter
galaxies with burstier SFHs in JEMS and JADES NIRCam
imaging. Additionally, R. Endsley et al. (2024) found two-
component and continuous SFHs differ drastically in Beagle
epoch of reionization predictions, with continuous models
systemically increasing f.,. to fainter Myy SFHs and two-
component models assuming small f.,. regardless of Myy, thus
forcing a downturn in star formation within their faint populations.
N. Choustikov et al. (2024) demonstrated, however, that a single
parameter cannot predict f.,. without large scatter, such that fi.
requires several observable quantities (eight in their model). In this
context and that of C. Simmonds et al. (2024)’s findings,
exploring highly efficient ionizers in extremely metal-poor
environments with the theoretical bases of N. Choustikov et al.
(2024) and H. Katz et al. (2024) could better characterize the role
of the faint end of the UV luminosity function in reionization.
Likewise, the escape of ionizing photons is not instantaneous with
their production (N. Choustikov et al. 2024; A. Saxena et al.
2024a). It is of interest then to examine the emergence of escape
channels in the most extremely metal-poor efficient ionizers, i.e.,

how {E o' values corrected for f. scale with more general
properties (e.g., surface SFR and gas density) in the presence of
young stellar populations.

7.2. The Use of Nebular Equivalent Widths as a Proxy for €11

mon

The discussion from the preceding section indicates

EW(Ha) is a strong indicator of fﬁf. We therefore provide

an updated relation between EW(Ha) and &' by fitting an
error-weighted linear function for 10,000 iterations:

log N [Hz erg 1] =

on

(0.63 + 0.14) x log(EWy, [A])

+ (23.64 + 0.35). (5)

We present our derived relation with 1o (68%) confidence
regions in the left panel of Figure 6. The slope of Equation (5)
is 37% shallower than T19 and has a 2.7% higher intercept.
These differences likely reflect the methodology in calculating
Lyvy. In particular, T19 1nferred Lyy from their best- ﬁttlng
Beagle models using a 100 A bin centered at 1500 A, and
thus assumed a photoionization model and set of parameters.
In comparison, we do not employ stellar population synthesis
models in our continuum fitting and we extend our UV range
to longer wavelengths (Section 3.2), thus small fi}é 1! differences
at fixed Hao EW are expected. However, Equation (5)
introduces large uncertainties in 55);‘ as we have significant

scatter in our fgrlll relative to T19; T19 measure o = 0.20 while
we measure a standard deviation of ¢ = 0.35, an ~43%
increase. This is not surprising as §mnl is dependent on the
ionizing photon production and underlining UV continuum.
High-z SFHs, for example, are diverse in duration and
intensity (T. J. Looser et al. 2025, 2024), from which
heterogeneity in metal enrichment from Type I and Type II
supernovae leading to changes in the ionization output of high-
mass stars is expected. In addition, variations in the slope of
the IMF and nebular continuum contribution can significantly
affect the UV at 1500 A, further increasing the observed
scatter. Different dust conditions, such as dust exposure to
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harder radiation fronts absent from standard dust laws, thus
leading to an underestimation of the UV luminosity when
employing Balmer decrements (V. Markov et al. 2023;
R. L. Sanders et al. 2024), could also play a role, among
variations in electron density, nonstellar ionizing sources, or
more exotic stellar populations (for a deeper discussion see
H. Katz et al. 2024). Nonetheless, we largely agree with the
Ha—¢]!!' relation from T19, albeit with greater variation.

In comparison, we find it challenging to describe the relation
between [O 1T] and &1 " as a simple scaling law. The conflation
of metallicity with ionization and age leads to a systematic
underprediction of ﬂ({);‘ in extremely metal-poor ionizers. We
perform an error-weighted linear function for the quantities
HB + [Om] EW and ¢!, finding that assuming a linear
relationship results in a 0.5 dex underestimation, though the
diversity of our Ha sample makes this relation within the
errors of our Ho EW relation (Equation (5)). As we mention in
Section 7.1 and demonstrate in Figure 6, however, these
representative samples predominately overlap in Ha EW
space, suggesting that similar SFHs and metallicity degen-
eracies can be alleviated with sSFR measurements. We,
therefore, caution that linear [O III] EW—{S)IIII relations may not
be applicable in the high-z Universe.

8. Summary

We investigate a population calling into question the
ubiquity of young galaxies possessing high HZ + [O1II]
EWs with JADES NIRSpec spectroscopy; we summarize our
methods and findings as follows.

1. We determine how the distribution of the ionizing
photon efficiency (¢]) scales with Hey, [OT1I] A5007,
and HG + [O111] A5007 EWs for z = 2 (Figure 3). We
find dissimilar trends between & " and the different line
EWs, suggesting a physically motivated difference in the
EW distributions of our sample. When we divide our
sample into low-, medium-, and high-HS + [O 1II] EW
samples, we find 37% of our medium-EW sample has
elevated Ho EWs similar to our high-EW sample. This
finding implies that weakened observed HS + [O III]
A5007 EWs are driven by suppressed [OIII] emission
compared to HQ, indicative of low gas-phase metalli-
cities. The combination of our Ho EW and log 5251
measurements >25.5 Hz erg ™' also suggests these faint,
extremely metal-poor galaxies are indeed experiencing
intense and recent star formation episodes, aligning with
the notion of stochastic star formation in the context of
the larger population studies of R. Endsley et al.
(2023, 2024).

2. We combine BPASS + CLOUDY models with ~31 [O 1]
M363 emitters and R-derived metallicities, finding metalli-
cities less than 12 + log(O/H) ~ 7.70 (0.1Z) significantly
reduce HB+[O1] EWs without impacting &!!'. This
nonlinear effect is observed in a clear metallicity gradient to

lower H3+[O 1] EWs and higher &' (Figure 5). We

further demonstrate these extremely metal-poor ionizers
are common above z ~ 2, yet comparatively rare in
pre-JWST z < 2 and z ~ 7 studies. It is above

12 + log(O/H) =~ 7.7 where oxygen has a weak depend-

ence on metallicity yet high [O 1] A5007 /H{3 ratios, and so

intense [O ] emitters were more likely to be identified, but
in return, they were likely to be more chemically enriched
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(7.7 < 12 + log(O/H) < 8.3), especially as the dynamic
range of [OII]’s metallicity sensitivity is reduced in the
high-z Universe. Metallicity effects were diminished and the
luminosity-weighted ages setting the Balmer and [O IIT] EW
relations with &' ' were more apparent.

3. We demonstrate extremely metal-poor efficient SFGs are
excluded under reasonable EELG oHﬂ+ [O1I] selec-
tions, e.g., EW(HG + [O111]) > 700 A (Figure 7). A sole
selection of HBZ + [O1IT] has a bias toward (1) enriched
systems with similar extreme radiation fields and (2)
more evolved star-forming systems as the effect of
extremely low metallicities at fixed fH " is nonlinear.
However, these systems can be identified through their
Ha EWs.

4. We find our sample generally follows the Hoe EW and
€1 relation from T19, further suggesting that high-z
systems should be identified based on their Ha emission,
i.e., their respective location along the star formation
main sequence (Figure 6). However, we find significant
scatter in our data, likely reflecting different ionization,
age, dust, and nebular conditions. We find there is added
degeneracy in interpreting H3 4 [O 11I] EW as a tracer of
ionization as the [OIII] EW is greatly reduced below
12 4+ log(O/H) ~ 7.70 (0.1Z) leading to ~1 dex scatter
above H3 + [OTII] ~ 300 A. We further demonstrate the
ionization efficiencies of our metal-poor galaxies are
underpredicted when using HS + [OII] scaling
relations, and thus we argue against [OII] as a sole
tracer of high-z efficient ionizing systems.
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Appendix
Case B Departure Galaxies in Our Sample

It is fascinating that galaxies exhibiting Balmer ratios less
than the intrinsic ratio of Case B at T=1.5 x 10* K parallel
the systematic offset with [O1II] EW, are routinely [O III]
M363 emitters, and have elevated &' " values at fixed EW. ¢!

on

is, however, highly susceptible to dust given the use of UV and
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Ha, and thus our consistently high log &' measurements
above ~25.5 Hz erg ' are possibly biased considering we
intentionally did not correct for dust for Case B departures.
However, if we examine the medium- and high-EW Case B
departure galaxies with the criteria from Section 7.1, we find
median Ha EWs of ~787 A and 713 A and [O11]] EWs of
~852 A and 306 A, respectively. These findings parallel our
main findings, aligning with the notion that most extremely metal-
poor galaxies are efficient ionizers with large Hao EWs but
disparate [O1I] EWs. We argue that this subsample is not
primarily comprised of biased outliers but instead aligned with
emerging pictures of high-z Case B departure galaxies. For
example, C. Scarlata et al. (2024) identified a local object with an
Ha/Hg ratio of 2.620 + 0.078 using MMT spectroscopy. From
their incredibly high-S/N spectrum (e.g., detection of He I and
[Ar1V] lines), they derive an O" ™ temperature of 15,380 + 850 K
(using [O 1] M363), an [O111]/[O 1] ratio of 11.80 + 0.74, and
an EW(Hp) = 165 + 14 A, indicating a hard ionization front and
high sSFR. C. Scarlata et al. (2024), interestingly, find gas
metallicities less than 10% solar are required to reproduce their
Balmer and oxygen line ratios, equivalent to our [O III]-deficient
systems. Likewise, using the JADES public release data,
W. McClymont et al. (2025) found 52 (14) galaxies above
z > 2 (z > 5.3) with Balmer decrements more than 1o below Case
Bupto T=2.0 x 10* K. W. McClymont et al. (2025) found these
sub—Case B galaxies tend to have higher [O1]/[O1] ratios
(>10), steeper UV slopes, Lya emission, and low metallicities
(12 + log(O/H) < 7.7), aligning again with our extremely
metal-poor efficient ionizers.

However, the physical picture proposed by the above works
differs. C. Scarlata et al. (2024) proposed lower Ha,/H[ ratios
arise from a preferential scattering of Ha photons out of the
line of sight, requiring asymmetric geometries and gas
densities large enough for Balmer self-absorption and pumping
to the n =2 state. The resultant Balmer ratios then originate
from the respective optical depths of the Balmer lines. In
contrast, W. McClymont et al. (2025) explored Case C
recombination (G. J. Ferland 1999) combined with density-
bounded nebulae. In this case, lower Ha/H/ ratios arise from
continuum photons exciting the Lyman lines differently
depending on the Lyman optical depth of the HII region,
which then modifies the resultant cascade to the Balmer series.
A main limitation identified by C. Scarlata et al. (2024) was
the resultant recombination emission luminosity diminishing
due to density-bounded nebulae, so W. McClymont et al.
(2025) included gas turbulence indicative of the high-z
Universe to maintain Balmer luminosity.

However, H. Yanagisawa et al. (2024) demonstrated that
both proposed scenarios require specific construction. For
example, for the case where Lyman lines are optically thin,
there is the formation of density-bounded nebulae from rapid
quenching events (<25 Myr) where high-density gas is briefly
removed, as well as the “fine-tuning” of the Lyman optical
depths; while for the case where Balmer lines are optically
thick, there needs to be gas densities high enough to populate
the n =2 level of hydrogen as well as specific line of sites and
gas geometry. We cannot comment much from our current
analysis about the physical picture governing anomalous
Balmer emitters (ABEs; W. McClymont et al. 2025), but we
see they are typically efficient ionizers. Considering the
suggested density-bounded model forms from miniquenched
episodes, our high ionization efficiencies indicate extreme star
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formation is still present. The galaxies that removed their high-
density gas may be back in a relative upturn of star formation, but
we would then expect gas densities to approach Case B conditions
unless large gas inhomogeneities are present. The proposed
configuration of large hydrogen densities with specific geometries
and lines of site removes Ha photons to decrease the Ha/HB
ratio, meaning our Ha-derived ionization efficiencies are lower
limits. However, as mentioned in Section 7.1, we are near the
theoretical maximum for ionization efficiency, meaning there
cannot be many more ionizing photons gained back. This scenario
would be fine if dust was present to decrease ionization efficiency,
but ABEs have the peculiar trend of elevated Hy/HJ ratios—the
opposite direction of dust effects. A more detailed analysis and
discussion are most certainly necessary but outside our current
scope. Regardless, in addition to Lya emission and high [O1II]
A5007/[0 11] AN3727, 3729 ratios, we demonstrate ABEs possess
high ionization efficiencies, have high Hoe EWs, and likely have
extremely low metallicities (12 4 log(O/H) < 7.7; 0.1Z) dimin-
ishing HG + [O111] EWs and their inclusion in EELG samples.
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